A compact finite differences method is used to calculate two-dimensional viscous flows through complex geometries. The immersed boundaries are set through body forces that allow for the imposition of boundary conditions that coincide with the computational grid. Two different flow configurations are simulated. First, the flow through a row of cylinders with square cross-sections is calculated and used as a validation study. The computed average drag coefficient and Strouhal number are compared to data available in the literature, showing a good agreement between the results. The second flow configuration analyzed is the flow through a porous matrix composed of equal size staggered square cylinders. Flow visualization results are shown and various flow regimes identified. Different inlet boundary conditions are compared. The drag coefficient is larger when a uniform inlet velocity is prescribed and the variability between cylinders is lower.
Introduction
The use of computational fluid dynamics (CFD) for flow through porous media is a realistic and feasible alternative to the experimental approach, due to the opacity of most materials [1] . When pore-level characteristics of the flow through the porous media are sought, generally, numerical studies using CFD are still dependent on the grid generation procedure and are a difficult process when dealing with the complexity of the porous media. The use of an immersed boundary method (IBM) is one possible methodology to solve this problem. There are examples of DNS simulations of flow through porous media (e.g., [2] - [9] ). Typically, relatively simple geometries are studied with two different numerical approaches: Lattice-Boltzmann methods or conventional CFD methods using boundary fitted grids. Combining the latter with an unstructured mesh technique leads to two disadvantages. Firstly, the use of unstructured grids prevents the use of simple orthogonal grids and secondly, generating the boundary fitted grid is an extremely time consuming and difficult task [10] . Alternatively, the use of IBM on a Cartesian grid requires no grid generation. In IBM, the presence of solid boundaries inside the domain is accounted for by appropriate body forces that are imposed so that boundary conditions are applied inside the computational grid.
The objective of this study is to present results for the flow through a wall bounded porous media. Before applying the immersed boundary method to this type of geometry, the flow through a row of square cylinders is used to compare the present method to data available in the literature. The geometry investigated can be regarded as the building block of staggered and in-line arrangements of cylinders (simple ordered porous media) and therefore a first step towards the study of more complex flows. Moreover, the flow though this kind of geometry is, by itself, very rich and an interesting subject for fundamental studies. The use of a highly accurate numerical setup allows for the detailed investigation of the physical phenomena occurring in this type of geometry, along with substantiated grounds for the scrutiny of the literature.
Numerical Method
A compact finite differences method is used for the calculation of the two-dimensional viscous flow through porous media. The unsteady, incompressible Navier-Stokes equations are solved in a Cartesian staggered grid with fourth-order Runge-Kutta temporal discretization and fourth-order compact schemes for spatial discretization, used to achieve highly accurate calculations. Body forces allow for the imposition of boundary conditions that coincide with the computational grid used to define the porous media. An implementation of the forcing of [11] is used in order to implement the immersed boundary. Due to space limitations, the reader is redirected to the paper of Ferreira de Sousa et al. [12] for a detailed description of the implementation and respective verification.
The present numerical code has previously been validated by comparing the results for the flow around a single cylinder with the predictions of Breuer et al. [13] . For further information on the validation methodology employed, see [14] . In the next section, a second, more complex, validation case is presented. This time, the results for the flow through a row of square cylinders are compared to the predictions of Kumar et al. [15] .
Validation of the Method
Computational Domain and Numerical Details. The computational domain in two dimensions is such that nine square cylinders of equal length d used for this study are fixed in space (Fig. 1) . The inflow velocity profile is uniform, and the domain dimension is specifically chosen to appropriately reduce the influence of inflow and outflow boundary conditions. Periodic boundary conditions are applied to the lateral sides of the computational domain, therefore withdrawing any wall bounded effects at the upper and lower boundaries of the domain. The nine cylinders are equally spaced with a separation distance of s, defining the gap ratio used throughout the discussion, s/d. Five s/d gap ratios were studied: 12, 5, 4, 3 and 2. The domain dimension in the streamwise direction is 36d, and the computational domain height, a function of s/d, varies between 27d and 117d for s/d of 2 and 12, respectively.
The grid used in this numerical code consists of equally spaced points throughout the entire computational domain. The current results are based on a grid consisting of 10 points on each cylinder side. The resulting grid resolution, varying from 362×270 to 362×1170, is sufficient to produce results comparable to the literature; further work is being done to further refine the grid (to be published soon).
The use of Cartesian grids generically results in a staircase representation of the solid boundaries that compose the immersed boundary and hence in a distortion of the original morphology. However, this is not the case of the obstacle implementation presented in this paper, since the surfaces are aligned with the grid. In this case, the expressions given for the forcing are accurate since the position of the unknowns on the grid coincides with that of the immersed boundary.
The Reynolds number, characterized by cylinder length and inlet flow velocity, is set to 80 for the current paper.
Figure 1 -Computational domain schematic
Results and Discussion. Figure 2 shows the vorticity contours at an instant in time for the biggest and lowest spacing between cylinders considered in the calculations. Vortex shedding mechanism giving rise to a von Kármán vortex street, analogous to the flow over circular cylinders, can be
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Diffusion in Solids and Liquids VIII clearly seen from the vorticity contours. When the separation gap ratio is large (s/d=12), the cylinders behave individually, without any noticeable interaction (Fig. 2 left) . This result is consistent with the literature [15] . In this case, there is a negligible change in velocity in the vertical direction in the gap between the cylinders. On the other hand, the flow through the smallest gap ratio (s/d=2) reveals the most intricate flow field of all the conditions analyzed. Fig. 2 (right) shows the flow past the cylinders to still have the periodic shedding. However, there is now a clear interaction between the vortex shedding from each individual cylinder and a slight lag between the shedding in the bottom and top cylinders. The shedding occurs on the same side of all the cylinders, indicating in-phase shedding. For this separation ratio, the region between cylinders presents high velocities. The jet that forms appears to have the effect of entraining the velocity, resulting in a more complex wake structure.
Figure 2 -Vorticity contours for s/d=12 (left) and s/d=2 (right) for cylinders 4 and 5
The Strouhal number and time averaged drag coefficient presented in Fig. 3 exhibit similar trends in behavior with decreasing separation ratio, s/d. There is an inverse relationship between the drag coefficient and s/d. The increase in Strouhal number is also linked to the increase in drag coefficient. The smallest separation ratio did not result in a single wake, as is reported in the literature for s/d of <1.2 [16] . The results obtained agree well with the literature, with percentages differences inferior to 7% when compared to [15] . The identical trend seen is a firm indicator of the accuracy of the present results. The comparison of the time averaged drag coefficient shows maximum percentage differences of approximately 10%. 
Flow through a Wall-Bounded Porous Media
The flow through a staggered array of cylinders was simulated. Six bi-dimensional cylinders with square cross-sections and equal sizes compose one out of eight rows. The gap ratios between each cylinder in a row and between rows were set to 2. This results in a porosity of 88.8%. The cylinders are confined inside a plane channel and the Reynolds number ranges from 20 to 80. The Reynolds number is once again characterized by cylinder length and inlet flow velocity (using the channel height as the characteristic dimension would result in Reynolds numbers ranging from 390 to 1560).
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Dirichlet boundary conditions are imposed at the walls and open boundary conditions are prescribed at the outlet of the channel. A uniform velocity profile was prescribed at the inlet. Once more, appropriate dimensions to reduce the influence of inflow and outflow boundary conditions were considered. An inflow length of 25 diameters and a total channel length of 126 diameters were chosen. Figure 4 shows instantaneous vorticity fields for three of the Reynolds numbers simulated. The results presented in this paper are based on a grid consisting of 10 points on each cylinder side, which resulted in a 1262×196 grid. From Figure 4 (a) it can be seen that for the case of the Reynolds number equal to 20, no vortex shedding occurs and the vortices that form behind the cylinders placed near the centerline of the duct are symmetrical. For a Reynolds number of 40, it is clear that the vortices formed behind the last row of cylinders oscillate and shed. On the contrary, the wakes of the upstream cylinders are stabilized by the presence of the downstream cylinders and no shedding occurs. When the Reynolds number is equal to 80, vortex shedding is present along with intense vortex merging. The wakes of the downstream rows of cylinders (and not only the last) are not stable, as in the previous case. Figure 5 shows the mean time-averaged drag coefficient as a function of the Reynolds number (here mean denotes average over all the 48 cylinders of the matrix). For the range of Reynolds numbers simulated, the mean time-averaged drag coefficient decreases with an increase in the Reynolds number. Fig. 5 also shows the standard deviation of the time-averaged drag coefficients in order to quantify the variations in drag forces experienced by each of the 48 cylinders and to show that the drag force exerted on each cylinder is very much dependent on its position on the porous matrix.
For the present simulations, boundary layers develop at the walls that bound the porous media, but the inlet section is not long enough to obtain fully developed flow. Ferreira de Sousa et al. [14] simulated the flow through the same porous media but with a different inlet boundary profile: a
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Diffusion in Solids and Liquids VIII fully developed laminar flow velocity profile at the inlet. Comparing both simulations one can conclude that in the present case, the mean time-averaged drag coefficients are higher for the same Reynolds number (in the case of the fully developed flow the Reynolds number is characterized by cylinder length and mean velocity at the inlet section). This is due to the fact the flow is more uniform over a porous media section. 
Summary
A two-dimensional compact finite differences immersed boundary method was used to calculate the flow through a wall bounded porous media, where the unsteady, incompressible Navier-Stokes equations were solved in a Cartesian staggered grid with fourth-order Runge-Kutta temporal discretization and fourth-order compact schemes for spatial discretization. Combining an immersed boundary method with a Cartesian staggered grid was used to achieve highly accurate results. The first part of the paper shows a validation study, where the results obtained with the present numerical setup were compared to and agreed well with results available in the literature for the flow through a row of cylinders. The flow field provided a clear picture of the wake downstream of a row of cylinders. The comparison of Strouhal number and drag coefficient as a function of the separation ratio showed good results when compared to the literature. Furthermore, the identical trend seen is a firm indicator of the accuracy of the present results, establishing confidence in the use of this numerical method.
The simulation of the flow through a staggered array of square cylinders was also performed. Flow visualization is presented for a Reynolds number ranging from 20 to 80. Different flow regimes can be observed. The work presented in this paper is still on-going, but the potential of the immersed boundary method to simulate the flow through porous matrices is clearly shown.
